Nuclear run-on assays carried out in the presence and absence of the RNA polymerase II inhibitor, ~t-amanitin, were used to determine the exact timing of the switch from inhibitor-sensitive transcription catalysed by host RNA polymerase II, to inhibitor-resistant transcription catalysed by the baculovirus-induced RNA polymerase. These studies revealed that the onset of ~-amanitin-resistant transcription is just after 6 h post-infection, simultaneous with the beginning of the late phase of infection. They also showed that transcripts from the p26 gene in the HindIII Q/P region and the p35 gene in the HindlII K/Q region of the viral genome are synthesized by the host RNA polymerase II both early and late in infection. On the other hand, transcripts of the p 10 gene in the HindII! Q/P region and the y transcripts in the HindIII K region are synthesized by the ~-amanitin-resistant, virus-induced RNA polymerase late in infection.
Introduction
The Autographa californica nuclear polyhedrosis virus (AcNPV) is a baculovirus that replicates in lepidopteran insect nuclei. Viral DNA replication has begun by 6 h post-infection (p.i.), marking the transition from early to late gene expression (Rice & Miller, 1987) . During the late phase, host protein synthesis decreases dramatically (Miller et al., 1983; Gordon & Carstens, 1984) .
Besides the early/late distinction between viral genes, gene expression in AcNPV has been divided into four phases: ~ (immediate early), fl (delayed early), 7 (late) and 6 (very late). These phases occur at approximately 0 to 4 h p.i., 5 to 7 h p.i., 8 to 18 h p.i. and after 18 h p.i., respectively (Friesen & Miller, 1986) . One of the most intriguing questions in the molecular biology of the baculoviruses concerns the control of the viral transcription programme.
RNA polymerases appear to play a key role in transcriptional switching in the virus. We have examined the RNA polymerases from Heliothis zea larvae (West et al., 1980; and Spodopterafrugiperda cells (Fuchs et al., 1983) and find the usual set of three: RNA polymerases I, II and III. We have also shown that a majority of the viral transcription in nuclei isolated from infected H. zea larvae or S. frugiperda cells is resistant to ~-amanitin, suggesting that t Present address: Department of Biochemistry, University of North Carolina, School of Medicine, Chapel Hill, North Carolina 27514, • u.s. A, it is catalysed by an enzyme other than host RNA polymerase II . More recently, we demonstrated that the early AcNPV transcripts (up to about 8 h p.i.) are sensitive to ct-amanitin, but after this point ~-amanitin sensitivity decreases until about 18 h p.i., at which point viral transcription is completely resistant to g-amanitin (Fuchs et al., 1983) . Apparently, early viral transcripts are made by host polymerase II, whereas late transcription depends on another enzyme.
We have identified a good candidate for the enzyme responsible for late transcription: a new chromatographic peak of ~-amanitin-resistant RNA polymerase extracted from infected cells, but not control cells. This enzyme exhibited catalytic properties that clearly distinguished it from the host polymerases (Fuchs et al., 1983) but it is not clear whether this virus-induced polymerase is a virus-encoded enzyme, a virus-modified host enzyme, or even a virus-induced host enzyme.
Our earlier studies left some question about when the switch from ~-amanitin-sensitive to -resistant transcription occurred. Kelly (1984) has even suggested that there may be no g-amanitin-sensitive phase of transcription. We have now examined this topic in more detail, using nuclear run-on assays and have found that there clearly is an ~-amanitin-sensitive transcription phase, which lasts until the onset of DNA replication. This assay also shows that the major transcripts from the pl0 gene are synthesized only by an 0t-amanitin-resistant polymerase, whereas the adjacent p26 gene is transcribed by the host polymerase II both early and late in infection.
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Methods
Biochemicals. Restriction endonucleases were purchased from the following suppliers: Promega, BRL, New England Biolabs, IBI and Pharmacia. Calf intestine alkaline phosphatase and $1 nuclease were obtained from Boehringer and Klenow fragment and T4 polynucleotide kinase were purchased from Promega. Radioisotopes [ct-32p]GTP, [),-32p]ATP and [ct-32p]dATP were purchased from New England Nuclear. Nytran and nitrocellulose membranes were obtained from Schleicher and Schuell, oligo(dT)-cellulose, Sephadex and ribonucleoside triphosphates were from Pharmacia. Low melting point agarose was supplied by the FMC Corporation and the Geneclean kit was from Bio 101. Formamide was purchased from BRL and CsCI from Cabot.
Cells and virus. S.frugiperda (IPLB-SF-21) cells were cultured in TC-100 medium supplemented with 10~ foetal bovine serum. Cells were infected with non-occluded virions of the LI strain of AcNPV at an m.o.i, of 20 p.f.u, per cell, as described previously (Friesen & Miller, 1985) , except that zero time p.i. was defined as the point at which fresh growth medium was added to cells.
Inhibitor studies. To block protein synthesis in the ceils, complete growth medium containing cycloheximide was added to give an inhibitor concentration of 100 Ixg/ml 120 min prior to infection. The viral inoculum, subsequent washes and final growth medium also contained 100 ~tg of cycloheximide per ml. The inhibitor was also added to cell monolayers at times indicated in the text by replacing the growth medium with fresh medium containing 100 ~tg/ml of cycloheximide. To inhibit DNA replication, growth medium containing 5 ~tg/ml of aphidicolin was added to cell monolayers just after infection.
Nuclear run-on assay. Nuclei were isolated from S.frugiperda cells by the method of Blanton & Carter (1979) with the following modifications. Monoiayers of S. frugiperda ceils infected with AcNPV for various times were harvested and the cells pelleted by centrifugation at 1500 g for 10 min at 0 °C. The cells were washed with ice-cold isotonic nucleus buffer (10 mM-Tris-HC1 pH 7-9, 50 mM-NaCI, 10 mM-MgCI2). Cell pellets were suspended in the isotonic nucleus buffer containing 2 mM-DTT and disrupted by 10 to 20 strokes with a Dounce homogenizer fitted with an A pestle, in the presence of 0.5~ Triton X-100. Cell disruption was monitored by phase-contrast microscopy. This homogenate was layered over a 3 volume cushion of 25~ glycerol, 10 mMTris-HC1 pH 7.9, 5 mM-MgC12, lmM-EDTA, 2 mM-DTT and centrifuged for 10 min to pellet nuclei, as described above. The nuclear pellet was resuspended in the same buffer as that used for the glycerol cushion at a concentration of 2 x 108 nuclei/ml.
For the nuclear run-on transcription 50 ~tg of the isolated nuclei was incubated at 27 °C for 40 min, to allow pre-initiated RNA chains to elongate in vitro by the method of Osborne et al. (1984) with the following modifications. Nuclear RNA was labelled with [~t-32p]GTP instead of [ct-32p]UTP. After incubation with frequent mixing at 27 °C for 40 min, reactions were stopped by adding an equal volume of a solution containing 1 ~ SDS and 100 mM-sodium acetate pH 5.2. An equal volume of phenol preheated to 65 °C was added and incubated at the same temperature for 10 min with frequent mixing. After the incubation, an equal volume of a mixture of chloroform and isoamyl alcohol (24:1) was added and the mixture was vortexed and centrifuged for 10 rain at 4 °C in an Eppendorf centrifuge. The aqueous phase was precipitated with 1 / 10 volume of 3 M-sodium acetate and 2.5 volumes of cold ethanol. The pellets were dissolved in TE buffer (10 mM-Tris-HC1 pH 7-9, 1 mM-EDTA) and the ethanol precipitation was repeated once more. Subsequently, the pellets were dissolved in 50 lxg of DNase I buffer (Tris-HC1 pH 7-5, 6 mM-MgClz, 10 mM-NaCi) containing 25 units of RNase-free DNase I (GeneScribe) and incubation was carried out at 37 °C for 30 min. The reactions were stopped by the addition of an equal volume of TE containing 1 ~ SDS and proteinase K at a final concentration of 100 ktg/ml, followed by an additional incubation of 30 min at 37 °C. RNA was extracted with phenol:chloroform:isoamyl alcohol (25:24:1) and the aqueous phase was ethanol-precipitated.
Southern blot and dot blot hybridization. These procedures were carried out as described by Maniatis et al. (1982) .
Results and Discussion
Time course o f induction o f ~-amanitin-resistant transcription
I n o r d e r to p i n p o i n t t h e o n s e t o f ~-a m a n i t i n -r e s i s t a n t t r a n s c r i p t i o n in S.frugiperda cells i n f e c t e d w i t h A c N P V , n u c l e i i s o l a t e d f r o m i n f e c t e d cells h a r v e s t e d e v e r y h o u r b e t w e e n 4 a n d 8 h p.i. w e r e i n c u b a t e d w i t h [~-3 2 p ] G T P i n t h e p r e s e n c e a n d a b s e n c e of ~-a m a n i t i n u n d e r s t a n d a r d Fig. 3 . Effect of cycloheximide on the switch to ct-amanitin-resistant viral transcription. Cycloheximide (100 ~tg/ml) was given to cells beginning at 2 h pre-infection, or 2.5, 5 or 7.5 h post-infection (lanes 1 to 4). At 10 h p.i., nuclei from these treated, infected cells were isolated and nuclear run-on transcription was performed in the absence (a) or presence (b) of ~-amanitin (1 ~tg/ml). The labelled nuclear RNAs were hybridized to dot-blots prepared with the same DNAs, in the same order, as in Fig. 1 .
respectively. The results in Fig. 1 demonstrate that until 6 h p.i. no ~-amanitin-resistant transcripts able to hybridize to the viral D N A were detected, but such transcription increased rapidly for the next 2 h. The switch at 6 h p.i. coincides with the onset o f viral D N A replication in S. frugiperda NPV-infected S. frugiperda cells (Knudson & Tinsley, 1978) and with the viral D N A replication observed by Rice & Miller (1987) in A c N P Vinfected S. frugiperda cells at 6 h p.i. Southern blot analysis was used to check the temporal pattern of ~-amanitin-resistant transcription observed in Fig. 1 . As Fig. 2 shows, ~-amanitin-resistant transcription was still not observed as late as 6 h p.i., at least in the genes represented by the six different viral D N A fragments used in this experiment. However, by 10 h p.i. most of the D N A bands in the Southern blots hybridized to transcripts whose synthesis is ~-amanitin-resistant (Fig. 2d) , although some ct-amanitin-sensitive transcription was still detectable (compare Fig. 2c and d) . Very little of this ct-amanitin-sensitive transcription was detected by 16 h p.i. (Fig. 2e and f ) , but notice the remaining difference in hybridization to the lowest band in lane 6 of (e) and ( f ) . This suggests that the transcription of that fragment remains somewhat atamanitin-sensitive even as late as 16 h p.i. 2) , 5 h (lanes 3 and 4) and 10 h (lanes 5 and 6) in the absence (a) or presence (b) of aphidicolin (5 ~tg/ml). Viral RNA was labelled by run-on transcription in nuclei isolated from these cells in the absence (lanes 1, 3 and 5) or presence (lanes 2, 4 and 6) of a-amanitin (1 ~tg/ml). These labelled viral RNAs were hybridized to slot-blots containing the same viral DNAs, in the same order, as in Fig. 1 .
Effect of cycloheximide on the switch to ~-amanitinres&tant viral RNA synthesis
In order to investigate when the transcription machinery carrying out the ~-amanitin-resistant transcription was synthesized, cells were treated with the protein synthesis inhibitor cycloheximide at various times pre-and postinfection (Fig. 3) . All cells were harvested at 10 h p.i. and nuclei were isolated and incubated with nucleotides, including [~-32p]GTP in the absence and presence of ct-amanitin. After the labelled nuclear R N A had been purified, it was hybridized to dot blots prepared with either whole viral D N A or cloned D N A fragments representing the same regions of the viral genome as in Fig. 1 . Fig. 3 shows that cycloheximide administered beginning at 5 h p.i. almost completely blocked the turn-on of ~-amanitin-resistant transcription. However by 7.5 h p.i. cycloheximide has little, if any, effect. This observation indicates that cycloheximide efficiently inhibits synthesis of proteins involved in the onset of ~-amanitinresistant transcription and that at least some of these proteins are synthesized between 5 and 7-5 h p.i. This time period probably coincides with the onset of viral D N A synthesis.
Effect of aphidicolin on the switch to ~-amanitin-resistant viral transcription
It has been demonstrated that aphidicolin effectively inhibits not only viral D N A replication, but also expression of late genes at the level of transcription in S. frugiperda cells infected with Trichoplusia ni NPV (Kelly & Lescott, 1981) , or A c N P V (Rice & Miller, 1987) . Therefore, it was of interest to determine by slot blot analysis the degree to which aphidicolin inhibited the switch to ~-amanitin-resistant viral transcription. Labelled R N A prepared by nuclear run-on transcription performed in the presence or absence of aphidicolin or ct-amanitin was hybridized to slot blots of either whole A c N P V D N A or D N A s representing the various regions of the viral genome listed in Fig. 1 . Fig. 4 shows the results, and as expected, at 2 and 5 h p.i. there is little ~-amanitin-resistant transcription (compare lanes 1 and 2 and lanes 3 and 4, panels a and b). Also as expected, much of the transcription in nuclei Friesen & Miller (1987) ; the mapping of the p26 and pl0 transcripts (bottom right) is from . Restriction fragments are designated by double-headed arrows below the map and their sizes are indicated. Restriction sites: H, HindllI; E, EcoRl; X, XhoI; R, EcoRV; S, Sstl.
isolated from cells not treated with aphidicolin appeared to be resistant to ~-amanitin at 10 h p.i. (Fig. 4a , compare lanes 5 and 6). However, aphidicolin at 5 txg/ml almost completely blocked the onset of ~-amanitin-resistant transcription in isolated nuclei (lanes 5 and 6 of Fig. 4b ). This observation indicates that the switch from ctamanitin-sensitive to ct-amanitin-resistant transcription does not occur in the absence of viral DNA replication. Control reactions showed that aphidicolin (5 ~tg/ml) had no effect when added directly to the run-on assay (data not shown).
Effect of o~-amanitin on transcription in the HindllI K/ Q regions during the late phase of infection
In order to investigate more precisely the pattern of transcription in the HindlII K and Q regions during the course of infection, Southern blots were probed with labelled nuclear RNA. The RNA was prepared by nuclear run-on transcription performed in the presence and absence of ~-amanitin with nuclei isolated at 10, 12 and 18 h p.i. The Southern blots were prepared with HindlII K-containing pUC12 DNA cleaved with HindlII and EcoRI, or with HindIII Q-containing pUC12 DNA digested with EcoRI. Fig. 5 presents a map. of the HindlII K/Q region, which shows the fragmentation patterns expected upon digestion with HindlII and/or EcoRI, and the positions of transcripts mapped to these regions. Fig. 6 presents the results of the Southern blotting.
Considering the fragments depicted in Fig. 5 in order from left to right the 2.05 kb band (the second one from the bottom of lane 2 in each panel of Fig. 6 ), which consists of the leftmost HindIII-EcoRI fragment of the HindIII K region, contains transcription start sites of the Yo and Yl transcripts in HindIII K and codes for a larger portion of the Y2 transcript (Friesen & Miller, 1987) . The 0.86 kb DNA band in lane 2 of each panel, which has the highest mobility in the lane, contains the transcription start site of the ~1 and 0~ 2 RNAs and codes for part of the RNAs transcribed from the HindIII K fragment (Friesen & Miller, 1987) .
The third band from the bottom of lane 3, which is 0.66 kb in size, contains the leftmost HindIII-EcoRI subfragmerit of HindII ! Q, plus a few more base pairs between the (uncut) HindIII site and the neighbouring EcoRI site in the vector. It should hybridize to the transcripts from HindIII K because the polyadenylation site of those transcripts is located in the HindIII Q region, 540 bp to the right of the HindIII K/Q boundary (Friesen & Miller, 1985) .
The multiple bands of approximately 0.1 kb size in lane 3 of each panel (most clearly visible in a) contain the small EcoRI fragments from the hr 5 region of HindIII Q (Guarino & Summers, 1986; Liu et al., 1986) . RNA that hybridizes to these DNA bands would not include mature rightward ~ or y transcripts from HindlII K, whose 3' ends were mapped to a position left of the furthest left EcoRI site of the hr5 region (Friesen & Miller, 1985) . Only immature, readthrough transcripts from HindlII K would extend into this downstream region. The fact that little hybridization to these bands occurs suggests that there is in fact little readthrough transcription under these experimental conditions. However, this conclusion must be qualified because of the possibility that the lack of hybridization of RNA to the small EcoRI fragments is due to the inefficiency of blotting of these fragments. The 0.46 kb band in lane 3 of each panel contains the EcoRI fragment just to the right of the hr5 region and should hybridize only to p26 transcripts. Finally, the largest band in lane 3, 3-3 kb long, contains both the rightmost EcoRI-HindlII segment (approx. 0-6 kb) of the HindlII Q region and the pUC12 vector (2-7 kb in length). It should hybridize to transcripts of both the p26 and pl0 genes (Liibbert & Doerfler, 1984; Kuzio et al., 1984; Rankin et al., 1986) .
As mentioned above, the amounts of labelled RNA hybridizing to the shortest band in lanes 3 of Fig. 6 were negligible regardless of whether the nuclear run-on assays were carried out in the presence or absence of 0t-amanitin, suggesting that the amounts of RNA crossing the EcoRI site-rich region in the HindlII Q fragment are not significant. This observation also suggests that most of the RNA hybridizing to both the second and third longest bands in lanes 3 (0.46 kb and 3.3 kb, respectively) are p26 and pl0 transcripts, not precursor RNA for the or ~ transcripts initiating in HindlII K. Thus, Fig. 6 shows that at both 10 and 12 h p.i. the synthesis of most RNA hybridizing to the 0-46 kb DNA band in lane 3 was sensitive to ~-amanitin. By 18 h p.i., a significant amount of ct-amanitin-resistant transcription was occurring in this region, but most remained c~-amanitin-sensitive. These observations suggest that the p26 gene is transcribed by the host RNA polymerase II well into the late phase of infection. Again, this conclusion rests on the assumption that the small EcoRI fragments blot at an efficiency high enough to allow detection of RNA hybridizing to them if this region were transcribed. We cannot resolve this issue completely, but we have observed hybridization of a DNA probe to blots of these fragments (data not shown), so they do blot at a significant level.
The synthesis of p26 transcripts at 10 and 12 h p.i. accords with the Northern blotting results of , who found a great increase in the quantity of p26-specific RNA between 6 and 12 h p.i. However, there are no previous data to corroborate the continued synthesis of p26 transcripts as late as 18 h p.i., as suggested by the present study. Indeed, Rankin et al. (1986) showed that the p26 transcripts had almost disappeared by 24 h p.i. It is possible that these transcripts are synthesized, but turned over rapidly at 18 h p.i.
Similarly, the synthesis of RNA hybridizing to the first band from the bottom of lane 2 (0-86 kb), where the transcription start sites of the at and a2 transcripts in HindIII K/Q are located, was almost completely sensitive to a-amanitin at l0 and 12 h p.i. and remained partially sensitive even at 18 h p.i. Again this suggests that synthesis of these a transcripts is directed by the host RNA polymerase II both early and late in infection. On the other hand, synthesis of RNA that hybridized to the 2-5 kb band in the same lane, where the start sites of two transcripts and a part of another are located, was mostly resistant to the inhibitor at 10 h p.M. and the degree of gamanitin-resistant transcription increased with the progress of infection (Fig. 6, lanes 2) . This is consistent with the pattern of ~ transcripts reported by Friesen & Miller (1986) and suggests that the y transcripts are synthesized by an ~t-amanitin-resistant RNA polymerase. In light of this, it seems surprising that transcription through the downstream region of HindlII K, to which the ~, transcripts should also hybridize, remained so sensitive to ~-amanitin. Perhaps there is a bias against elongating long transcripts under our run-on transcription conditions. The continued g-amanitin-sensitive synthesis of these transcripts at 10 and 12 h p.M. is consistent with the appearance of a strong S1 signal corresponding to the 0tl transcript as late as 12 h p.M. (Friesen & Miller, 1986) . On the other hand, Northern blot data in the same paper suggest that the ~l transcript has almost disappeared by 12 h p.M., which does not seem consistent with continued synthesis of this transcript. Again, rapid turnover of this transcript late in infection would be in accord with both sets of data.
The results presented in Fig. 6 also shed light on the transcription of the p 10 gene. The 3.3 kb band in lanes 3 should hybridize to transcripts of both the pl0 and p26 genes. However, late in infection the transcription of the pl0 gene so overwhelmingly predominates ) that hybridization of p26 transcripts to this band becomes negligible. At 12 h p.M. (panels c and d), there was already significant 0t-amanitin-resistant transcription of this region and by 18 h p.M. (panels e and f) this transcription was almost completely resistant to the inhibitor. This indicates that transcription of the pl0 gene is directed by an g-amanitin-resistant RNA polymerase.
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